Abstract. Developing a comprehensive understanding of the reactivity of uranium-containing species remains an important goal in areas ranging from the development of nuclear fuel processing methods to studies of the migration and fate of the element in the environment. Electrospray ionization (ESI) is an effective way to generate gasphase complexes containing uranium for subsequent studies of intrinsic structure and reactivity. Recent experiments by our group have demonstrated that the relatively low levels of residual H 2 O in a 2-D, linear ion trap (LIT) make it possible to examine fragmentation pathways and reactions not observed in earlier studies conducted with 3-D ion traps (Van Stipdonk et al. J. Am. Soc. Mass Spectrom. 14, [1205][1206][1207][1208][1209][1210][1211][1212][1213][1214] 2003 
Introduction

D
eveloping a comprehensive understanding of the reactivity of uranium species [1] remains important to the development of nuclear fuel processing methods [2] and studies of the migration and fate of the element in the environment [3, 4] . Electrospray ionization (ESI) is an effective tool for production of gas-phase complexes containing uranium in high oxidation states [5] . Our group was among the first to use ESI to generate gas-phase, doubly charged complexes containing the uranyl ion (U VI O 2
2+
) for studies of intrinsic structure and reactivity (i.e., outside of the influence of solvent or other condensed phase effects) in a species-specific fashion [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . For example, ESI was used to generate the first complexes containing U VI O 2 2+ coordinated by ligands such as acetone (aco) or acetonitrile (acn) for collision-induced dissociation (CID) and ion-molecule reaction experiments [6, 7] . Since then, ESI has been used to create gas-phase uranyl species for a range of tandem mass spectrometry, ion mobility, and anion photoelectron spectroscopy studies . More recently, ESI and tandem mass spectrometry have been used to study and compare the reactivity of transuranic species [42] [43] [44] [45] [46] [47] [48] [49] [50] . For example, ESI was used to produce acn and aco complexes of Pu VI O 2 2+ and U VI O 2 2+ solutions for an examination and comparison of gas-phase reactions under similar experimental conditions [43] .
More recent experiments by our group have demonstrated that the 2-D, linear ion trap (LIT) can provide access to fragmentation pathways and reactions not observed in earlier studies with 3-D ion traps [51] [52] [53] [54] [55] . For example, our past studies of the dissociation behavior of gas-phase actinyl complexes using a 3-D ion trap were complicated by high yields of product ions obviously generated by collisions with background H 2 O. Relatively high levels of H 2 + and larger hydrated complexes containing these cations [6, 7, 43] . Ligand (H 2 O) addition reaction rates were so fast that U VI O 2 2+ cations coordinated by two or three aco ligands, generated by CID of larger precursors, hydrated to generate heterogeneous, tetra-or pentacoordinate complexes that dominated the product ion spectrum [6] . This prevented the detailed investigation of complex ions containing U + have been identified using a combination of isotope labeling and high-resolution/high-accuracy mass measurements [52] .
In one early study by our group that used a 3-D quadrupole ion trap instrument, multiple-stage tandem mass spectrometry (MS n ) was used to determine the dissociation pathways for several cationic species, generated by ESI, and composed of (1) the uranyl ion, (2) nitrate or hydroxide, and (3) water or alcohol [8] . In general, CID of the uranyl complexes resulted in elimination of coordinating water and alcohol ligands. For under-coordinated complexes containing nitrate and one or two coordinating alcohol ligands, the elimination of nitric acid was observed, leaving a uranyl alkoxide ion pair. , a reaction involving collisions with water in the ion trap, with reductive elimination of NO 3 , was proposed.
In the present study, the CID of these species was reexamined using the 2-D LIT employed in our most recent investigations, with the goal of determining whether additional, previously obscured dissociation pathways would be revealed under gas-phase conditions in which the level of residual to the LIT by using the auto-tune routine within the LTQ Tune program. Helium was used as the bath/buffer gas to improve trapping efficiency and as the collision gas for CID experiments.
M. J. Van Stipdonk et al.: Intrinsic CID Pathway for [UO 2 NO 3 ] +
For CID, precursor ions were isolated using a width of 1.0 to 1.5 mass to charge (m/z) units. The exact value was determined empirically to provide maximum ion intensity while ensuring isolation of a single isotopic peak. To probe CID behavior in general, the (mass) normalized collision energy (NCE; as defined by ThermoScientific) was set between 5 and 18%, which corresponds to 0.075-0.27 V applied for CID with the current instrument calibration. The activation Q, which defines the frequency of the applied radio frequency potential, was set at 0. 30 and the activation time employed was 30 ms. High-purity He (~1 mTorr in the LIT) was used as the collision gas.
To probe gas-phase reactions of selected precursor ions with background H 2 O, ions were isolated using widths of 1-2 m/z units. Again, the specific width used was chosen empirically to ensure maximum ion isolation efficiency. The ions were then stored in the LIT for periods ranging from 1 ms to 10 s. Despite the lower H 2 O levels in the 2-D LIT under normal operating conditions, there is still a sufficient partial pressure of the neutral to permit an investigation of ion-molecule reactions, particular when using long isolation times. For both CID and ion-molecule reaction (IMR) experiments, the mass spectra displayed were created by accumulating and averaging at least 30 isolation, dissociation, and ejection/detection steps.
Our instrument is not currently configured to allow the controlled introduction of neutral species into the LIT for detailed investigations of IMR. To increase the amount of background H 2 O in the vacuum system, the instrument was turned off, the vacuum chamber vented, and held at room temperature and pressure for 12 h. After a pump down time of 3 h, CID experiments were performed using the same precursor ions using similar CID and IMR parameters, but under what we refer to in later sections as relatively Bhighl evels of residual H 2 O. Though the partial pressure of H 2 O in the ion trap is not known, as discussed later, evidence for higher H 2 O levels was apparent in the CID product ion distributions.
Results and Discussion
As noted earlier, our previous study involved MS n experiments with a 3-D ion trap instrument to determine the dissociation pathways for complexes containing [ 3 ] were complex, and contained product ions from fragmentation reactions and H 2 O adducts to those product ions formed by association reactions with H 2 O present as a contaminant in the He buffer/bath gas. In the earlier experiments, the H 2 O adducts were identified by characteristic peak tails and chemical mass shifts (shifts of 0.2-0.3 u lower than expected mass). It had been proposed that the asymmetric peak shapes and mass deficits may be tied to the formation of fragment ions from particularly Bfragile^precursors because of the application of resonance ejection, and the magnitude of the resonant ejection amplitude for ion ejection during mass analysis using ion traps [57] . The ejection of the fragment ions, which Bappears as premature ejection of the fragile ion, leads to the appearance of peak fronting and a mass shift^ [57] . The reader is directed to reports by Yost and coworkers [57] and Vachet et al. [58] , for specific details.
Formation of adducts can also be confirmed by isolating expected product ions in the ion trap for periods of 10-100 ms, without an applied collision voltage (NCE). During the isolation step, all ionized species except the one chosen for storage are resonantly ejected from the ion trap. The appearance of peaks 18 u higher than the isolated ion is indicative of the formation of H 2 O adducts and their abundance increased as the isolation and storage time was extended.
The + was generated via reaction 1:
in which an energetic collision with H 2 O in the ion trap mass causes the formation of an activated ternary complex, rapidly followed by the reductive elimination of NO 3 radical (with electron transfer to the uranyl ion) to leave the hydrated, reduced uranyl ion. It was this result in particular that prompted the study presented here. The ESI and MS n CID spectra collected on the 2-D LIT instrument, using a solution of (commercially available) uranyl nitrate in a mixture of H 2 O and CH 3 OH, are shown in Fig. 1 . + at m/z 332 was also observed at~10% relative intensity. In general, the fragmentation reactions to this point are in agreement with our earlier study that used the 3-D ion trap [8] . However, one notable difference is that the number and intensity of H 2 O adducts are greatly diminished in the present experiments, consistent with several recent studies by our group [51] [52] [53] [54] [55] , it is reasonable to conclude that this corresponds to elimination of NO to leave an ion with a formula of UO 4 + as shown in reaction 2.
W i t h t h i s s o l u t i o n , E S I ( F i
This reaction pathway was not observed in our previous examination of the CID More important to the present study, a UO 4 + cation was produced by Duncan and coworkers by laser vaporization and supersonic expansion and studied with infrared laser photodissociation spectroscopy using Ar atom pre-dissociation [59] . The IR action spectrum of UO 4 + Ar 2 was collected in the O=U=O and O=O stretching regions, and spectral and structure assignments were made with the assistance of high-level Fig. 2 . The dominant ions generated by ESI using t h e s y n t h e t i c s a l t i n H 2 O / C H 3 + (m/z 300, 285, and 270, respectively), consistent with a previous study by our group using the LIT [54] . As with the other experiments performed with the LIT in this study, including those that used the commercially available salt, subsequent , is due to the presence of significant levels of background H 2 O, or the specific ion trap used in the MS n experiment. As noted in the BExperimental Methods^section, the LIT was vented and kept at ambient temperature and pressure for 12 h. Our hypothesis was that the typical humidity of the ambient air would lead to relatively higher H 2 O levels in the vacuum system and ion trap for a short period of time after pump down. Therefore, after the instrument returned to typical operating pressure (ca. 1 + precursor, and then isolated and allowed to react with background H 2 O for periods ranging from 10 to 1000 msec ( Fig. 4a-c) . Despite the low levels of background H 2 O, reactions with the neutral species can still be observed, especially when using relatively long isolation/reaction times. The spectra shown in Fig. 4a-c clearly show that the product ion generated by IMR appears at m/z 288, consistent with the exchange of O 2 for H 2 O by reaction 3.
Subsequent CID (Fig. 4d) [65] demonstrated that decomposition of nitrate will occur for gas- . An alternative to direct ejection of NO would be isomerization of nitrate to peroxynitrite (reaction 4), followed by decomposition and elimination of (neutral) NO.
This is the reverse of the well-known isomerization of peroxynitrite to nitrate (and hydrogen peroxynitrite to nitric acid) after creation of the former by reaction of NO and superoxide ion [66] [67] [68] [69] [70] 
